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The nature of Dark Energy is still very much a mystery, and the combination of a variety of
experimental tests, sensitive to different potential Dark Energy properties, will help elucidate its
origins. This white paper briefly surveys the array of theoretical approaches to the Dark Energy
problem and their relation to experimental questions.
I. INTRODUCTION
Recent observations suggest that the universe is spa-
tially flat and undergoing a period of accelerated expan-
sion. In the context of the standard cosmological picture
based on Einstein’s general relativity, this is most read-
ily explained by invoking a new component of smoothly-
distributed and slowly-varying “Dark Energy” (DE).
The evidence for this modification is now very com-
pelling indeed, with measurements of a variety of cos-
mological observables all consistently indicating its pres-
ence. High redshift supernovae observations [1, 2] show
that previous hypotheses of dust extinction are now in-
consistent with the data. Similarly, proposals for photon
number density reduction by photon-axion mixing [3],
although a possible contributor, cannot explain the su-
pernovae, CMB [4] and large scale structure observations
[5] completely. The theoretical origin of the observations,
therefore, still remains a highly significant mystery, and
an area of considerable research activity.
It is the aim of this white paper to highlight the broad
spectrum of potential theoretical explanations for the
accelerating universe, and the diverse observable signa-
tures, from solar system to horizon scale, relevant to dis-
tinguishing between them, summarized in Figs. 1 and
2. We divide the discussion into three basic possibili-
ties: alternatives to Dark Energy, dynamical Dark En-
ergy, and the cosmological constant. In tandem with
observations, a clear view of the theoretical landscape is
necessary when assessing future observational strategies.
The investigations outlined below therefore play a central
role in confronting the Dark Energy problem.
II. IS THERE REALLY DARK ENERGY?
A homogeneous and isotropic (Friedmann-Robertson-
Walker “FRW”) matter-dominated universe, evolving in
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FIG. 1: Summary of the spectrum of current theoretical ap-
proaches to the origin of Dark Energy.
accordance with Einstein’s equation, will never acceler-
ate. If we grant the acceleration, then, we must look
beyond this framework. Although Dark Energy is the
most obvious and popular possibility, two other ideas
have been investigated: modifications of gravity on cos-
mological scales, and the back-reaction of cosmological
inhomogeneities.
General relativity (GR) is very well tested in the solar
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FIG. 2: Summary of Dark Energy properties tested by obser-
vations
system, in measurements of the period of the binary pul-
sar, and in the early universe, via primordial nucleosyn-
thesis. None of these tests, however, probes the ultra-
large length scales and low curvatures characteristic of
the Hubble radius today. It is therefore a priori conceiv-
able that gravity is modified in the very far infrared, in
such a way that the universe begins to accelerate at late
times.
In practice, however, it is difficult to construct a sim-
ple model that embodies this hope. A straightforward
possibility is to modify the usual Einstein-Hilbert action
by adding terms that are blow up as the scalar curvature
goes to zero [6, 7]. Such theories can lead to late-time ac-
celeration, but unfortunately typically lead to one of two
problems. Either they are in conflict with tests of GR in
the solar system, due to the existence of additional dy-
namical degrees of freedom [8], or they contain ghost-like
degrees of freedom that seem difficult to reconcile with
fundamental theories. The search is ongoing for versions
of this idea that are consistent with experiment.
A more dramatic strategy is to imagine that we live on
a brane embedded in a large extra dimension. Although
such theories can lead to perfectly conventional gravity
on large scales, it is also possible to choose the dynamics
in such a way that new effects show up exclusively in the
far infrared. An example is the Dvali-Gabadadze-Porrati
(DGP) braneworld model, in which the strength of grav-
ity in the bulk is substantially less than that on the brane
[9]. Such theories can naturally lead to late-time accel-
eration [10, 11], but may have difficulties with strong-
coupling issues [12]. Most interestingly, however, DGP
gravity and other modifications of GR hold out the pos-
sibility of having interesting and testable predictions that
distinguish them from models of dynamical Dark Energy.
Pursuing this relatively unexplored territory should be a
priority of theoretical research. A lesson of the investi-
gations carried out to date is that properties of gravity
on relatively short scales, from millimeters to astronom-
ical units, may be deeply tied to the acceleration of the
universe.
Even in the context of unmodified general relativity,
it may be possible to explain an accelerated universe
without Dark Energy by invoking the effects of inhomo-
geneities on the expansion rate – in other words, pertur-
bations may induce an effective energy-momentum ten-
sor with a nearly-constant magnitude. One potentially
beneficial aspect of such a scheme could be to relate the
onset of acceleration to the epoch of structure formation,
a coincidence that is otherwise unexplained.
A central question for this approach is whether the
feedback of non-linearities into the evolution equa-
tions can significantly modify the background, volume-
averaged FRW universe and explain the accelerated ex-
pansion without the introduction of new matter, or a
cosmological constant [13]. Key to this issue is that in-
terpreting observations made on a particular scale tacitly
also requires the smoothing of theoretical predictions on
that scale, and the smoothing operation does not com-
mute with time evolution [14]. The Einstein equations
are non-linear, and this non-commutivity means that the
FRW equations, for which quantities have been averaged
prior to inclusion, will not be the same as the equations
obtained by putting in the full inhomogeneous quantities
and then averaging the equations. The difference be-
tween the two, over a domain D, is a kinematical ‘back-
reaction’, QD. Along with the, related, averaged spa-
tial Ricci scalar 〈R〉D and the smoothed energy density
〈ρ〉D = MD/VDa3D, this determines the effective energy
density and pressure to be used to obtain the evolution
equations set by conditions in a domain D [15] ,
(
a˙D
aD
)2
=
8piG
3
〈ρ〉D − 1
6
(〈R〉D +QD) = 8piG
3
ρeff (2.1)
(
a¨D
aD
)
= −4piG
3
〈ρ〉D +QD = −4piG
3
(ρeff + 3peff) (2.2)
It is claimed that for a large enough backreaction (2.2)
allows the region D to undergo accelerated expansion.
One approach to calculating the magnitude of the
backreaction is to do a perturbative expansion of the
metric. A Newtonian analysis does not exhibit accel-
eration [16] so the effect must be post-Newtonian, this is
puzzling since GM/(rc2) ∼ v2/c2 is very small for most
astrophysical structures. For the post-Newtonian expan-
sion, at first order, the effect on the expansion rate is
only ∼ 10−5, and acts to slow expansion [17]. At sec-
ond order, for a dust dominated universe, the backreac-
tion behaves entirely like an additional curvature term
[18, 19], while in all other environments with different
background equations of state (for −1 ≤ wbkg ≤ 1/3)
it acts to decelerate the expansion [20]. Recently, how-
ever, Kolb et. al. [21] have considered sub-horizon
higher order corrections to the backreaction, going up
to sixth order in a gradient expansion, and suggest that
higher order corrections are large enough for the backre-
action to generate Dark Energy like behavior, although
see [22] for a challenge to this. If the higher order terms
3are of significance, however, this may imply that a per-
turbation approach may be inappropriate. Investiga-
tions of spherically-symmetric, dust only, Tolman-Bondi-
Lemaitre models have concluded that acceleration is pos-
sible [23, 24]. Others, however, studying models within
the same class conclude that it is not possible [25], or
that the analysis suffers instabilities [26].
Future analysis will enable concrete predictions, estab-
lishing the magnitude of the backreaction and a compar-
ison of theoretical predictions against observations. The
prospect of explaining cosmological observations without
requiring new energy sources or a modification of gravity
is certainly worthy of investigation.
III. IS DARK ENERGY DYNAMICAL?
If Dark Energy exists, it may be phenomenologically
described in terms of an energy density ρ and pressure
p, related instantaneously by the equation-of-state pa-
rameter w = p/ρ. Covariant conservation of energy then
implies that ρ dilutes as a−3(1+w). It is important to
stress that p = wρ is not necessarily the actual equation
of state of the Dark Energy fluid, in the sense that per-
turbations will not in general obey δp = wδρ. If we have
such an equation of state, however, we may define the
sound speed via c2s = ∂p/∂ρ. In order to make sense of
such a picture, we must relate this phenomenology to an
underlying microscopic description.
The simplest candidate for dynamical Dark Energy is
an extremely low-mass scalar field, φ, with an effective
potential, V (φ). If the field is rolling slowly, its persistent
potential energy is responsible for creating the late epoch
of inflation we observe today.
Effective scalar fields are prevalent in supersymmetric
field theories and string/M-theory. For example, string
theory predicts that the vacuum expectation value of a
scalar field, the dilaton, determines the relationship be-
tween the gauge and gravitational couplings. A general,
low energy effective action for the massless modes of the
dilaton takes the form [assuming a (−+++) metric] [28]
S =
∫
d4x
√−g
[
Bg(φ)
R
2
+Bφ(φ)K
]
+
∑
i
Bi(φ)Li
(3.1)
where K = ∂µφ∂
µφ, and Bg, Bφ and Bi are the dilatonic
couplings to gravity, the scalar kinetic term and gauge
and matter fields respectively, encoding the effects of loop
effects and potentially non-perturbative corrections.
In the following sections we describe a range of inno-
vative approaches based on this general action that make
distinct predictions for a diverse array of observations.
A. Quintessence
A string-scale cosmological constant or exponential
dilaton potential in the string frame translates into
an exponential potential in the Einstein frame. Such
“quintessence” potentials [29, 30] can have scaling [31],
and tracking [32] properties that allow the scalar field
energy density to evolve alongside the other matter con-
stituents. A problematic feature of scaling potentials [31]
is that they don’t lead to accelerative expansion, since
the energy density simply scales with that of matter. It
might be that perturbative corrections [33] are tuned to
generate inflation at the appropriate cosmological epoch.
Alternatively, certain potentials can predict a Dark En-
ergy density which alternately dominates the universe
and decays away; in such models, the acceleration of the
universe is just something that happens from time to time
[34].
Collectively, quintessence potentials predict that the
Dark Energy density dynamically evolve in time, in con-
trast to the cosmological constant. Similar to a cosmo-
logical constant, however, the scalar field is expected
to have no significant density perturbations within the
causal horizon, so that they contribute little to the evo-
lution of the clustering of matter in large-scale structure
[35].
The reconstruction of an effective quintessence poten-
tial can be determined by measurement of redshift evo-
lution of kinematical observables (those sensitive to the
bulk expansion of the Universe): the luminosity dis-
tance, measured by supernovae; the angular diameter of
the sound horizon at baryon-photon decoupling, mea-
sured today by the CMB acoustic peaks, and at ear-
lier epochs via acoustic baryon oscillations in large scale
structure correlations; and the linear growth factor in-
ferred from large scale surveys, ratios of weak lensing ob-
servables [40, 41], and cross correlation of CMB/ galaxy
[42, 43, 44, 45, 46] and weak lensing/ galaxy power spec-
tra [47].
B. Couplings to ordinary and dark matter
A major issue to be confronted by quintessence models
is the possibility of observable couplings to ordinary mat-
ter. Even if we restrict attention to non-renormalizable
couplings suppressed by the Planck scale, tests from
fifth-force experiments and time-dependence of the fine-
structure constant imply that such interactions must be
several orders of magnitude less than expected [48]. One
way to evade such constraints is to impose an approx-
imate global symmetry, in which case the quintessence
field is a pseudo-Nambu-Goldstone boson [49]; an inter-
esting prediction of such models is cosmological birefrin-
gence, which may be observed through polarization mea-
surements of distant galaxies and the CMB [48]. Fur-
ther improvement of existing limits on violations of the
Einstein Equivalence Principle in terrestrial experiments
would also provide important constraints on dark-energy
models.
Another escape from such constraints can be provided
by the “chameleon” effect [50, 51]. By coupling to the
4baryon energy density, the scalar field value can vary
across space from Solar System to cosmological scales.
Though the small variation of the coupling on Earth al-
lows terrestrial experimental bounds to be met, future
gravitational experiments in space such as measurements
of variations in the Gravitational Constant with SEE [52],
or the EP-violating two-body experiments on the STEP
satellite, will be critical tests for the theory. A related
possibility involves the coupling of quintessence to neu-
trinos, with important consequences for the simultaneous
consistency of different neutrino experiments [53].
Finally, it may be possible that the dynamics of the
quintessence field naturally evolves to a point of min-
imal coupling to matter. In [28] it was shown that φ
could be attracted towards a value φ
(x)
m during the matter
dominated era that decoupled the dilaton from matter.
For universal coupling, Bg = Bφ = Bi, this would allow
agreement with equivalence principle tests and tests of
general relativity. (It is not clear, however, that univer-
sal coupling is preferred.) More recently [36], it was sug-
gested that with a large number of non-self-interacting
matter species, the coupling constants are determined
by the quantum corrections of the matter species, and
φ would evolve as a run-away dilaton with asymptotic
value φm →∞, and Bx → Cx +O(e−φ).
In addition to couplings to ordinary matter, the
quintessence field may have nontrivial couplings to dark
matter [54, 55]. Non perturbative string-loop effects need
not lead to universal couplings, with the possibility that
the dilaton decouples more slowly from dark matter than
it does from gravity and baryons and fermions. This
coupling can provide a mechanism to generate acceler-
ation, with a scaling potential, while also being consis-
tent with Equivalence Principle tests. It can also explain
why acceleration is occurring only recently, through being
triggered by the non-minimal coupling to the cold dark
matter, rather than a feature in the effective potential
[37, 38]. Such couplings can not only generate acceler-
ation, but also modify structure formation through the
coupling to CDM density fluctuations [39], in constrast
to minimally coupled quintessence models. Dynamical
observables, sensitive to the evolution in matter pertur-
bations as well as the expansion of the universe, such
as the matter power spectrum as measured by large scale
surveys, and weak lensing convergence spectra, could dis-
tinguish non-minimal couplings from theories with min-
imal effect on clustering.
C. Phantom Dark Energy & Ghost Condensates
For the runaway dilaton scenario described in section
III B, comparison with the minimally coupled scalar field
action
Sφ =
∫
d4x
√−g
[
R
2
+K − V (φ)
]
(3.2)
shows that the usual solutions require the coupling to
gravity, Cg, and scalar kinetic term, Cφ, to be positive.
Having Cφ < 0 leads to an action equivalent to a
“ghost” in quantum field theory, and is referred to as
“phantom energy” in the cosmological context [58]. Such
a scalar field model could in theory generate acceleration
by the field evolving up the potential toward the max-
imum. Phantom fields are plagued by catastrophic UV
instabilities, as particle excitations have a negative mass
[56, 59]; the fact that their energy is unbounded from be-
low allows vacuum decay through the production of high
energy real particles and negative energy ghosts that will
be in contradiction with the constraints on UHECR, for
example from the EGRET experiment [57].
Such runaway behavior can potentially be avoided by
the introduction of higher-order kinetic terms in the ac-
tion. One implementation of this idea is “ghost conden-
sation” [67]. Here, the scalar field has a negative kinetic
energy near φ˙ = 0, but the quantum instabilities are
stabilized by the addition of higher-order corrections to
the scalar field lagrangian of the form K2. The “ghost”
energy is then bounded below, and stable evolution of
the dilaton occurs with w ≥ −1 [68]. The gradient ∂µφ
is nonzero in the vacuum, violating Lorentz invariance,
and may have interesting consequences in cosmology and
in laboratory experiments.
It is worth remembering that observations of w < −1
could be misleading, however; they could, for example, be
mimicked by fitting dynamical models with fewer degrees
of freedom than required [60], or by modified-gravity the-
ories [61].
D. k-Essence and Unified Dark Matter
Theories in which the kinetic term in the Lagrangian
is not the simple, minimal K are generically called ‘k-
essence’ models [62]; the effective actions of the “phan-
tom” and “ghost condensate” theories fall under this
description. Such models can have not only dynamical
equations of state, but also clustering properties signifi-
cantly different from quintessence. Clustering Dark En-
ergy would contribute to density perturbation growth on
scales larger than its sound horizon, leading to observable
effects in large scale CMB and its correlation with large
scale structure and weak lensing surveys[63, 64, 65, 66].
Generally k-essence models could have solutions in
which shocks are formed, associated with caustics at
which the equations of motion are not uniquely defined.
Some k-essence theories avoid this problem, however,
such as the Born-Infeld theory,
Sφ =
∫
d4x
√−g
[
R
2
− V (φ)
√
1 +K
]
. (3.3)
This scalar action has generated interest recently, as a
possible “Unified Dark Matter” theory, in which dark
matter and Dark Energy are explained by a single scalar
5field. The energy density and pressure for the scalar field
evolve as p(φ) = −V 2(φ)/ρ(φ). At early times, the scalar
is effectively pressureless, and in terms of the background
evolution, behaves like CDM; at late times the pressure
becomes negative and drives accelerative expansion.
The model above is in good agreement with kinemati-
cal observations, including the luminosity distance mea-
surements from supernovae and the angular diameter dis-
tance from the first CMB acoustic peak [70]. Despite this,
the model has been found to be inconsistent with obser-
vations when one compares the theories predictions with
both kinematic and dynamical data.
In proposing the scalar field as physical, and requiring
it to replace CDM and DE one has to also calculate how
the scalar field density fluctuations evolve, in order to
compare them with density power spectra from large-
scale structure surveys. The Born-Infeld theory describes
a perfect fluid for which the speed of sound for the scalar
field c2s = 1; as such, the scalar density perturbations
resist gravitational collapse, and the scalar alone cannot
generate sufficient large scale structure to be consistent
with observations.
This is true also for the broader set of phenomeno-
logical models including the Born-Infeld action, called
“Chaplygin gases”. Despite being consistent with kine-
matical observations, they are disfavored in comparison
to a ΛCDM [71, 72].
IV. IS DARK ENERGY THE COSMOLOGICAL
CONSTANT?
Current observational constraints imply that the evo-
lution of Dark Energy is entirely consistent with w = −1,
characteristic of a cosmological constant (Λ). Λ was the
first, and remains the simplest, theoretical solution to the
Dark Energy observations. The well-known “cosmolog-
ical constant problem” – why is the vacuum energy so
much smaller than we expect from effective-field-theory
considerations? – remains unsolved.
Recently an alternative mechanism to explain Λ has
arisen out of string theory. It was previously widely per-
ceived that string theory would continue in the path of
QED and QCD wherein the theoretical picture contained
few parameters and a uniquely defined ground state.
However recent developments have yieled a theoretical
horizon in distinct opposition to this, with a “landscape”
of possible vacua generated during the compactification
of 11 dimensions down to 3 [73].
The “landscape” has a SUSY sector with degener-
ate zero vacuum energy; the non-SUSY sector, however,
is postulated to contain > 10100 or even exponentially
greater numbers of discrete vacua with finite vacuum
energy densities in the range {−M4p ,M4p}. Arguments
based on counting vacua suggest that, in the spectrum of
this extensive distribution, the existence of phenomeno-
logically acceptable vacua is plausible. In addition, the
non-SUSY vacua are metastable and allow the possibil-
ity that a region of space will be able to sample a more
extended region of the landscape than if the vacua were
stable, through bubble formation.
Given the complexity of the landscape, anthropic ar-
guments have been put forward to determine whether
one vacuum is preferred over another. It is possible that
further development of the statistics of the vacua distri-
bution [74, 75, 76], and characterization of any distinctive
observational signatures [77, 78, 79, 80, 81, 82], such as
predictions for the other fundamental coupling constants,
might help to distinguish preferred vacua and extend be-
yond the current vacua counting approach.
V. CONCLUSION
The ultimate theoretical ambition is to determine the
full action and origin for Dark Energy. In light of the
‘landscape’ hypothesis, however, which ultimately may
not make a precise prediction for the expected vacuum
energy, a more pragmatic question and the one that may
offer the most direct link between theory and observation
is “Is the Dark Energy a cosmological constant, or not?”
In this sense we can only conclude DE is a cosmological
constant after convincing ourselves that the full plethora
of observations have yielded null results. Absence of time
variation in the DE energy density and pressure as mea-
sured by supernovae and baryonic acoustic oscillation sig-
natures, no evidence of scale dependent deviations from
a ΛCDM matter power spectra, as might be created by
non-minimally coupled quintessence or clustering Dark
Energy, no spatial or temporal variations in the funda-
mental constants or gravitational-inertial equivalence as
predicted by chameleon fields, or perceptible deviations
from GR.
This requires a broad array of complementary strate-
gies probing both kinematic and dynamical observables.
In the meantime, it is crucially important to pursue ex-
periments in particle physics, to reveal the microscopic
dynamics (SUSY, extra dimensions, or something unex-
pected) that may bear on the problem of Dark Energy.
A coordinated effort between observers, experimentalists,
and theorists will be required to make progress on this
most vexing problem in fundamental physics.
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